Deletions and other chromosomal rearrangements can be generated by recombination between repeated sequences. It has been shown in a number of systems that the probability of exchange or gene conversion decreases with increasing distance between repeats. This paper examines the question of how repeats find each other, using deletion formation in bacteriophage T4 as a model system. Homologous sequences adjacent to the repeats can either stimulate or inhibit recombination, depending on their orientation. I present evidence that the spatial separation between repeats is the key determinant of the distance dependence and conclude that adjacent homologous sequences affect recombination by aligning chromosomes so as to position the recombining sites either closer together or farther apart. Analogous examples of apparent 'targeting' by homologous sequences in eukaryotes and other prokaryotes are noted.
Chromosomal rearrangements that involve direct repeats have great significance in evolution. Deletions, duplications, inversions, and translocations all involve repeats and can arise during recombination. Nonallelic gene conversion among homologous genes (or pseudogenes) has been demonstrated in a number of systems (e.g., Slightom et al. 1980; Ernst et al. 1982; Flavell et al. 1986; Geliebter et al. 1986; Heyer et al. 1986; Powers and Smithies 1986; Reynaud et al. 1987) . Exchange is also possible between nonhomologous genes. The tailfiber genes 37 and 38 of the T-even phages confer host range specificity and are highly polymorphic among these phages. Riede (1986) demonstrated exchange between T4 gene 38 and two nonhomologous T4 genes. Moreover, extensive sequence similarity has been found between this region in T4 and regions in the ~ and Escherichia coli chromosomes (George et al. 1983; Riede et al. 1985; Michel et al. 1986 ). Shinedling et al. (1987) have noted a repeat-directed mutational mechanism that they term 'sequence conversion.' These observations suggest that nontraditional exchange or conversion of genetic material may be fairly common, even without the mediation of transposons and other mobile DNA. Roeder et al. (1984) demonstrated that the movement of Ty elements in yeast is less likely the greater the distance between the repeats. Dvo~fik et al. (1987) showed that the homogenization of multigene families is also subject to distance dependence. It has been shown (Singer and Westlye 1988) that the distance between repeats is one important parameter of deletion formation in bacteriophage T4; the farther apart the repeats are, the less frequently the deletion occurs. This is also true in E. coli (Albertini et al. 1982) . It seems likely that all interchromosomal rearrangements involving repeats will be subject to distance dependence. This paper examines the question of distance dependence, using deletion formation in bacteriophage T4 as a model system. Earlier results (Singer and Westlye 1988) indicated that intermolecular recombination accounts for much deletion formation in T4. It seemed likely that the balance of deletions might arise by slipped mispairing during DNA synthesis, as proposed by Efstratiadis et al. (1980) , Albertini et al. (1982) , and DasGupta et al. (1987) . In this pathway, at least two factors contribute to the decrease in deletion frequency that is attributable to increased distance between repeats. In slipped mispairing, the repeats are physically tethered; the closer the repeats are, the more likely their interaction. Moreover, the slipped mispairing model requires that both repeats exist simultaneously in singlestranded DNA, a condition that is more likely when the repeats are closer.
Is distance between repeats a factor when deletions arise during recombination? If so, why? Deletion formation during recombination requires that left and right repeats find each other prior to exchange. If left and right repeats on different chromosomes find each other by random collisions, then why should deletion formation decrease as a function of distance? To examine these questions, I used biparental crosses in which one repeat is on one chromosome and the other is on a different chromosome (Fig. 1) . In this configuration, only recombination can generate deletions. By manipulating the spacer sequences, it is possible to probe the roles of adjacent homologous and heterologous DNA on deletion formation.
Results and discussion

Distance dependence in deletion formation
To discover whether deletion formation through recombination is also subject to distance dependence, I inserted varying sizes of spacer DNA adjacent to left and right repeats and carried out biparental crosses (Fig.  1A-C) . The results (Table 1) show that increasing the size of the homologous spacer DNA reduces the frequency of the recombination that yields the deletion decreases.
The competition model
Recombination to yield a deletion requires alignment between the two repeats. This alignment is prevented when there is alignment in the spacer region (cf. Figs. 1C and 2A) . Thus, increasing the probability of alignment in the spacer (by greater length of spacer) would be expected to decrease the deletion frequency.
To test this 'competition' model, I compared deletion frequencies in crosses that have homologous spacers with those that have nonhomologous spacers. In crosses with heterologous spacers, potential inhibition generated by homologous spacers is removed and the recombination frequencies should be increased. Table 2 shows the results of crosses with heterologous spacers. A comparison of these data with the results of Table 1 shows that nonhomologous spacer sequences inhibit recombination less than homologous spacer sequences. When the nonhomologous spacers are approximately the same size, e.g., 332 and 341 bp, the recombination frequencies are higher (-10 -4 ) than in the corresponding crosses in which the spacer DNAs are homologous (2 x 10 -s to 5 x 10-s). This result is consistent with the competition model, but the effect, if any, is small. The phage with this chromosome is pseudo-wild; all of the other chromosomes depicted confer the mutant phenotype. Thus, it is possible to use selective plating conditions to measure deletion/recombination frequencies. The crosses are diagramed in Fig. 1 . Identical spacer DNA is inserted adjacent to the repeat in both chromosomes. Four base pairs separate the spacer from the repeat in the chromosome with the right repeat. The spacer abuts the repeat in the other chromosome (see Table 5 ). The frequencies reported are the fraction of total progeny phage that are able to grow on the nonpermissive host. Because of the analogy to deletion formation, this frequency has not been doubled, although it seems likely that the actual recombination frequency is twice the number recorded. The frequencies reported are the averages (-----SEM) of at least three separate crosses performed with different lysates. The strains used for these crosses have GC-rich repeats and are specified in Table 7 .
The importance of spatial separation between repeats
The competition model predicts that all crosses with nonhomologous spacers should have similar deletion frequencies because all have the same potential for aligning in the T4 chromosome and in the repeats. This is not the case. When the heterologous spacers are of different sizes, the extent of recombination is determined largely by the length of the shorter of the two spacer DNAs (Table 2B ). When strains with 79-bp spacer sequences are crossed to strains with inserts ranging in size from 332 to 1698 bp, the recombination frequencies are all about the same. The highest recombination frequencies are obtained when one of the parents has no spacer insert (Table 2B ). This suggests that the spatial separation between the repeats is important. If alignment in the spacer region is important, inverting the homologous spacer DNA in one of the parents should have the effect of bringing the repeats closer together. This is diagramed in Figure 2D . In this drawing, the lower chromosome has been flipped to allow alignment in the spacer DNAs. Note that in this configuration, the direct repeats (as well as the overall chromosomes) are oriented in opposite directions. The 'spatial separation' hypothesis predicts that crosses in which the direct repeats are very close to each other should yield more deletions than when the repeats are farther apart. In every case, recombination frequencies are higher in 'opposite orientation' crosses than in the corresponding 'same orientation' crosses (Table 3 ). Table  3 also shows results of crosses with AT-rich repeats. As noted earlier (Singer and Westlye 1988) , for a given length of spacer, AT-rich repeats are far less likely to yield deletions than GC-rich repeats However, both kinds of crosses are influenced in the same way by homologous sequences.
A further test of the spatial separation hypothesis is provided by crosses in which one of the parents has ex- ,,~ (B and E) Interrupter DNA has been inserted between the spacer and the repeat of the top chromoa some. (C and F) The interrupter DNA has been inserted at the other end of the spacer. The T4 chromosome is linear but circularly permuted. Figs. 2-5 show chromosomes with physical ends far from the region of repeats and inserts, statistically the most probable configuration. Doermann and Parma (1967) have shown that recombination is enhanced at the ends of chromosomes but that should not affect the results or interpretation presented here {D. Parma, pers. comm.), o traneous nonhomologous DNA (interrupter DNA) inserted between the repeat and the homologous spacer DNA. In opposite orientation crosses, the interrupter substantially increases the distance between repeats (cf. Fig. 2D , E). As expected, the deletion frequency is reduced in these crosses (see Table 4A ). On the other hand, it seemed likely that putting an interrupter between the repeat and the spacer in the same orientation crosses would have little or no effect on deletion frequencies because the repeats are still held apart by the spacer DNA (see Fig. 2B ). Table 4A shows that deletion frequencies in these crosses are unaffected, as expected. As a control, I also inserted interrupter sequences at the other end of the spacer, away from the repeat (Fig.  2C, F) . In this case, the interrupter sequences do not influence the spatial separation between repeats (of. Fig.  2C , F). Table 4 shows that interrupter sequences have an influence on the deletion frequencies only when they are between repeat and spacer in opposite orientation crosses, as predicted by the spatial separation hypothesis.
Role of recombination pathways
Although the chief focus of these experiments was to probe the structural features that influence recombination, that yields deletions, it was also important to determine the impact of phage mutations that influence general recombination on these crosses. The requirement for various recombination functions in same orientation and opposite orientation crosses was examined.
The mutations tested are listed in Experimental procedures. In every case, recombination defects affected both crosses similarly (not shown).
A kinetic scheme
As noted previously, in all of these crosses, the only alignment that yields the deletion is the alignment shown in Figure 1C , with the two repeats poised for a crossover. This alignment is less probable than alignment in the spacer because the repeat is shorter than the spacer. Moreover, the two alignments are mutually exclusive. Alignment in the spacer inhibits deletion formation in the same orientation crosses ( Fig. 2A) , whereas the comparable alignment in opposite orientation crosses enhances deletion formation (Fig. 2D ). The competition model suggests that the reason for the inverse relationship between spacer size and deletion frequency in same orientation crosses is that the larger the spacer, the more probable the inhibitory alignment. If so, increasing the size of the spacer in opposite orientation crosses should increase the recombination frequency. This is not the case; the frequency of recombination in opposite orientation crosses is independent of the size of the spacer (Table 3) . This apparent paradox is resolved if dissociation of the aligned segments (rather than alignment) is the limiting step in same orientation and opposite orientation crosses, as discussed below.
There is ample evidence to suggest that doublestranded DNA in vivo is a flexible random coil (e.g., Hagerman 1981) . The random encounter of one very short B. Crosses in which the lengths of nonhomologous DNA are different. As above, for each series of crosses (except the first), a spacer of a given size (reference spacer) was inserted adjacent to either the left or the right repeat. By this terminology, the 341-bp spacer used in the crosses above is the reference spacer. In the first set of crosses, the spacer is the 4 bp mentioned in Table 1 . The conditions of the crosses are as in Table 1 , except that the spacer DNA differs between the two parents. In these crosses, alignment in the spacer is not possible {see Fig. 5 ). All of the strains used in these experiments have GC-rich repeats.
piece of DNA with another of identical (or similar) sequence (whether by tracking or facilitated diffusion, as indicated by Gonda and Radding 1986) must be an early step in recombination. Studies in vitro demonstrate that
Chromosomal rearrangements this initial alignment can be extended (if there is homology) in a three-or four-strand paranemic or plectonemic structure for perhaps thousands of base pairs (McGavin 1971; Wilson 1979; Bianchi et al. 1983; Howard-Flanders et al. 1984; Riddles and Lehman 1985; Christiansen and Griffith 1986; Schutte and Cox 1987) . Although I am aware of no experimental demonstrations, it seems likely that this three-or four-stranded structure (with bound proteins) is quite rigid. If so, then the repeats are held apart from each other in the same orientation crosses to an extent that should be roughly proportional to the size of the insert. Figure 3 shows probable steps involved in deletion formation in same orientation crosses. Figure 3A shows DNA in its random coil configuration. Initial alignment may involve either the direct repeats (Fig. 3B) or the spacers (Fig. 3C) . (Alignment involving the rest of the chromosome is discussed below.) Initial alignment between the repeats (Fig. 3B) is improbable, and it seems likely that chromosomes involved in such a pairing would return readily to the unaligned configuration (Fig.  3A) . This extent of DNA is below the minimum site size required for mainstream recombination in T4 (Singer et al. 1982) . The first step in alignment must involve an encounter between very few base pairs. Thus, initial recognition in the spacer region is more probable than initial recognition in the repeat sequence because there are more base pairs in the spacer. Moreover, the extent of DNA available for alignment is greater. Chromosomes aligned in the spacer (Fig. 3C) are very unlikely to come apart. The recombination machinery will hold them together until there is resolution of the recombination intermediate. I suggest, however, that occasionally this alignment does fall apart. As the structure dissociates, the repeats are briefly in proximity (Fig. 3D) . The distance between direct repeats is proportional to the length of the spacer. If the repeats find each other, they can align (as shown in Fig. 3B ), this configuration is the prerequisite for deletion formation. Here, again, alignment between spacers is a more likely outcome of Figure  3D than is alignment between repeats. Recombination within the spacer, either with or without exchange of flanking chromosome, would tend to put the DNA back into the state depicted in Figure 3A . Figure 4 shows probable steps involved in deletion for- The crosses are diagramed in Fig. 2 . Conditions are the same as in Table 1 , except that in one half of the crosses, the spacer DNA of one chromosome is inverted relative to the other. The same orientation results shown here are from Table 1 .
Cold 
B. Recombination frequency ( x l0 s) in crosses in which the interrupter is at the other edge of the spacer (distal to repeat) {see Fig. 2C, F marion in opposite orientation crosses. Figure 4C , the extent of the aligned DNA is limited to the size of the spacer because the adjacent regions are nonhomologous (because of the flipping of the chromosomes). Although the repeats in Figure 4D are close together, they are in opposite orientation and thus must rotate prior to aligning, as in Figure 4B . This is probably less of a consideration in the three-dimensional milieu of the cell than it appears to be on the printed page. Figure 4E shows an additional outcome of Figure 4C . In Figure 4E , dissociation of only the left-hand end of the aligned structure should allow alignment within the repeats. (This consideration suggests that there may be an ideal length of interrupter that would enhance deletion formation in opposite orientation crosses.) In any case, Figure 4 suggests that the formation of the structure aligned in the spacer is not the limiting step. The slow step is the rearrangement of that structure to allow recombination within the repeats. The spacers and direct repeats that were inserted constitute a very small fraction of the T4 chromosome (~< 1% ). Thus, any discussion of alignment must consider the consequences of aligning in the nonengineered portions of the chromosome. In crosses with nonhomologous spacer, these regions of the chromosomes are the only DNA segments available for alignment (in addition to the repeats themselves). Figure 5 shows the case of crosses in which the spacers are nonhomologous. These drawings show probable steps that lead to deletion formation when the shorter spacer is adjacent to the left repeat. The left panel shows the consequences of aligning in the region of the T4 chromosome to the left of the spacers and repeats (i.e., aligning in the 5' end of rlIB and the region clockwise on the T4 genetic map). The right panel is analogous, except that alignment is in the part of the T4 chromosome to the right of the spacers and repeats (downstream rlIB and the region counterclockwise on the T4 genetic map). In the right panel, the distance between the repeats is determined by the length of the shorter spacer; this is the alignment that determines deletion frequency ( Table 2 ). The alignment shown in the left panel makes a negligible contribution to deletion formation.
Chromosomes involved in opposite orientation crosses can also align, as shown in Figure 5 . The significance of this alignment, relative to the alignment in the spacer (Figs. 2D and 4C) can be determined by comparing the nonhomologous spacer data from Table 2 with the opposite orientation cross data of Table 3 . When the spacer is as short as 332 bp, the opposite orientation crosses yield more deletions than the comparable crosses with nonhomologous spacers. This indicates that even a segment of DNA as short as 332 bp can, with high probability, direct the conjunction of repeats such that a chromosomal rearrangement follows. This stimulation of recombination may be termed 'targeting.'
Examples in other systems
The results presented here indicate that the spatial separation between repeats is a key determinant of their finding each other for recombination. Adjacent sequences that do not participate in the recombinational exchange can influence the probability of recombination within the repeats by increasing or decreasing the space between repeats. These experiments were done in T4; comparable examples are found in other systems. As noted above, Roeder et al. (1984) found that recombina- tion between Ty elements in Saccharomyces cerevisiae is a function of the distance between the Ty elements. Dvorak et al. (1987) showed that the patterns of sequences of the nontranscribed spacers of rRNA genes in a number of species are most consistent with the hypothesis that homogenization among these sequences proceeds by distance-dependent gene conversion. In these cases, homologous sequences between repeats decrease the probability of recombination. In other instances, homologous sequences can increase the probability of recombination. Anca Segall and John Roth (pets. comm.) have demonstrated this kind of enhancement in Salmonella typhimurium. They found that recombination between two lac operons inserted in nonhomologous regions of the chromosome is enhanced when both adjoin intact mu sequences. This stimulation cannot be accounted for by branch migration since several kilobases separate one recombining sequence from the adjoining mu sequence.
The strategy of using homologous DNA to direct chromosomal rearrangements has been used by trypanosomes. In these organisms, nonallelic gene conversion is responsible for surface antigen variation after infection. Only one telomere-linked gene copy is expressed, although > 100 different surface antigen genes are found within the genome. The frequency with which the expressed gene is replaced by another is determined by homologous sequences that flank the expressed gene and the replacement gene. In between these homologous sequences, the structural genes have low homology (for review, see Pays 1985) . Similar targeting may be used by Neisseria gonorrhoeae to effect pilus antigenic variation (Haas and Meyer 1986) . In this case, incomplete genes in the major silent locus contain sequence information for the semivariable and hypervariable domains of pilin. These sequences are separated by 39-bp repeats that are also found in the expression loci. Other sequences are conserved between silent and expression loci as well. It Fig. 3 ; however, the orientation of the spacer of the chromosome on the right has been inverted.
{A-D)
Analogous to A-D in Fig. 3 (except that the alignment in C is analogous to Fig. 2D) . (E) The alignment between repeats that is made possible by melting no more than the left end of the alignment depicted in C.
seems likely that these sequences are used to target the gene conversion apparently responsible for pilus antigenic variation, although specific recognition of these sequences by proteins cannot be ruled out. Lichten et al. [1987) studied meiotic gene conversion and crossing over between dispersed homologous sequences in S. cerevisiae. They found no clear relationship between distance and recombination and suggested that specific loci may possess intrinsic probabilities of participating in meiotic exchange. It is also possible that recombination between distant loci was elevated above the level that would be expected on the basis of distance alone because of the presence of additional homologous sequences nearby (perhaps Ty elements).
A similar explanation may account for the results of Amstutz et al. (1985) . They assayed meiotic nonallelic conversion in three tRNA genes in Schizosaccharomyces pombe and found that interchromosomal nonal- lelic gene conversion is 5-10 times more common than the intrachromosomal event. It is possible that both pairs of interchromosomal conversions are stimulated by nearby homologous sequences. The data presented here ~or crosses with nonhomologous spacers suggest another explanation. In the intrachromosomal conversions, alignment in the region between the two genes keeps the two tRNA genes (repeats) apart. In interchromosomal conversion, the absence of this inhibition may explain the elevated conversion frequencies.
GENES & DEVELOPMENT
These examples demonstrate the generality of targeting. Bacteriophage T4 has proved an ideal experimental system in which to examine the phenomenon.
Experimental procedures
T4
All of the bacteriophage strains used in this study are mutant in the rlIB gene. Mutations were engineered in the cloned rlIB gene, as described below, and recombined into T4, as described Singer   Table 5 . Sequences used in this study A. Sequence of chromosome with left repeat and no additional insert. The repeats are either GC rich (as in pBSS27, see Table 6 ) or AT rich (pBSS33). (Y) A site at which the GC-rich repeat has C and the AT-rich repeat has T; (R) G in the GC-rich repeat and A in the AT-rich repeat. Sau3A1 fragments can be inserted into the BamHI site. When necessary, the XbaI site was filled in (see text). (Singer and Westlye 1988) . All of the strains used contain the deletion saA9 (Depew et al. 1975) (Singer et al. 1982) . I crossed all of these alleles into the T4B genetic background before making double mutants with rlIB mutations.
DraI
Construction of rlIB mutations
Each of the strains used for crosses has either a left or a right repeat. These sequences were inserted into the cloned rlIB gene, as described earlier (Singer and Westlye 1988) . Table 5 shows the sequences of the left and right repeats resident in the rlIB gene. The GTT-GAC sequence that flanks the inserts is the unique HincII site of rlIB; GTT and GAC are in-frame codons in the wild-type sequence. The repeats are rich in either A : T or G : C base pairs. In Table 5 , R represents bases that are A in the AT-rich repeat and G in the GC-rich repeat; similarly, Y represents T and C. Table 5 also shows the sequence of the pseudowild deletion, which is the recombinant scored in crosses.
Various spacer DNA fragments were inserted in the BamHI and BglII sites shown in Table 5 . The rHB mutations constructed for this study are described in Table 6 . Table 7 shows the strains used in each experiment.
The 332-bp Sau3A1 fragment from mp9 (Messing and Vieira 1982) was purified as described (Singer and Westlye 1988) .
When inserted into the BamHI site of the plasmid with the left repeat, this fragment regenerates a BamHI site at either the left or the right edge, depending upon orientation of the insert. The plus orientation is defined as the one in which the BamHI site is at the left edge of the insert. When the 332-bp fragment is inserted into the BglII site of the plasmid with the right repeat, it regenerates a BglII site. In the plus orientation, the BglII site is at the right of the inserted spacer. When crosses are indicated, the strain shown on the left has a left repeat and vice versa. Strains used in same orientation crosses in Table 3 are as shown in Table 1 . The strains used for the same orientation crosses with AT-rich repeats are 64 x 36 and 79 x 40.
A 79-bp Sau3AI fragment that derives from bacteriophage k (Daniels et al. 1983 ) was cut out of a 1914-bp EcoRI-HindIII fragment (generously provided by T.D. Schneider) and purified as before. The 79-bp fragment was inserted into the BamHI (Table 5A) and BglII (Table 5B ) sites of the plasmids that either do or do not contain a 332-bp fragment. Here again, inserting this fragment into a construct with a left repeat regenerates a BamHI site; the plus orientation is defined as the orientation that has BamHI on the left edge of the insert. Similarly, inserting the 79-bp fragment into the BglII site of a construct with a right repeat regenerates a BglII site, on the right in the plus orientation. For example, pBSS84 was created by cutting pBSS36 with BglII, treating with phosphatase, and ligating in the presence of purified 79-bp fragment. The orientation of the Singer 79-bp fragment was determined by restriction analysis.
The 1698-bp insert is a Sau3A1 fragment derived from mp9. When inserted into the BglII site of a construct with a right repeat, it regenerates one BglII site. pBSS61 has a BglII site on the left of the insert, and pBSS56 has a BglII site at the right. The orientation of the 1698-bp fragment in pBSS59 was ascertained by the asymmetrically situated SnaBI site.
The 341-bp insert is derived from the 13-1actamase gene of pUC8 (Messing and Vieira 1982) . The plus orientation has a BglII site on the right when the fragment is inserted in pBSS101. An asymmetrically placed BglI site was used to determine the orientation of the fragment in pBSS75.
Some of the constructs were initially pseudo-wild when recombined into T4 and plated on CR63k (see below). When necessary, the reading flame of the left repeat constructs was changed by cutting with XbaI (see Table 5 ), filling in with DNA polymerase I, Klenow fragment {from New England BioLabs), in the presence of all four deoxyribonucleotide triphosphates, and ligating. This generated pBSS78, pBSS79, and pBSS103. The identical procedure with the BglII site yielded pBSS 101.
E. coli
Lysates were made on CR63 (Signer et al. 1965) or Bb {Karam and Barker 1971).
As shown in Table 5 , the recombinant deletion that is scored in crosses has an in-frame amber mutation. Hence, crosses were plated on the amber-suppressing host CR63 to measure total phage and CR63k to measure recombinants. CR63k restricts the parental phage but not the recombinant deletion progeny. Crosses with rec-backgrounds were performed on NapWSm R (Nelson et al. 1982) . The rest of the crosses were performed on NapIVSm R, CR63, or Bb. All hosts yield comparable recombination frequencies.
Crosses
Cells were grown in H broth (Steinberg and Edgar 1962) to 2 x 108/ml and infected with an moi 5 of each parent. Selfcrosses were performed routinely to determine the reversion frequency under the growth conditions of the cross. The data shown are the averages (___ S.E.M.) of at least three crosses performed using independent lysates.
